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The nuclear envelope harbors numerous large proteinaceous 
channels, the nuclear pore complexes 
(NPCs), through which macromolecu-
lar exchange between the cytosol and 
the nucleoplasm occurs. This double-
membrane nuclear envelope is continu-
ous with the endoplasmic reticulum and 
thus functionally connected to such 
diverse processes as vesicular transport, 
protein maturation and lipid synthesis. 
Recent results obtained from studies in 
Saccharomyces cerevisiae indicate that 
assembly of the nuclear pore complex 
is functionally dependent upon main-
tenance of lipid homeostasis of the ER 
membrane. Previous work from one of 
our laboratories has revealed that an 
integral membrane protein Apq12 is 
important for the assembly of functional 
nuclear pores. Cells lacking APQ12 are 
viable but cannot grow at low tem-
peratures, have aberrant NPCs and a 
defect in mRNA export. Remarkably, 
these defects in NPC assembly can be 
overcome by supplementing cells with 
a membrane ﬂuidizing agent, benzyl 
alcohol, suggesting that Apq12 impacts 
the ﬂexibility of the nuclear mem-
brane, possibly by adjusting its lipid 
composition when cells are shifted to 
a reduced temperature. Our new study 
now expands these ﬁndings and reveals 
that an essential membrane protein, 
Brr6, shares at least partially overlap-
ping functions with Apq12 and is also 
required for assembly of functional 
NPCs. A third nuclear envelope mem-
brane protein, Brl1, is related to Brr6, 
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and is also required for NPC assembly. 
Because maintenance of membrane 
homeostasis is essential for cellular sur-
vival, the fact that these three proteins 
are conserved in fungi that undergo 
closed mitoses, but are not found in 
metazoans or plants, may indicate that 
their functions are performed by pro-
teins unrelated at the primary sequence 
level to Brr6, Brl1 and Apq12 in cells 
that disassemble their nuclear envelopes 
during mitosis.
Introduction
The nuclear envelope (NE) deﬁnes the 
boundary of the nucleus in eukaryotic 
cells and is composed of two distinct 
membranes, the inner and outer nuclear 
membranes, enclosing a lumenal space. 
The inner and outer nuclear membranes 
become fused to form specialized mem-
brane tunnels in which nuclear pore com-
plexes are constructed. The outer nuclear 
membrane is continuous with the endo-
plasmic reticulum (ER) and thought to 
perform ER functions. In yeast, the NE 
accounts for 20–30% of the ER and is 
thus functionally closely related to the 
ER.1,2 The ER is the major site of lipid 
synthesis and most lipid biosynthetic 
enzymes are integral ER membrane pro-
teins.3 How the NE-ER balances mem-
brane expansion through lipid synthesis 
while maintaining its other functions as 
well as its characteristic shape, however, 
is not well understood. The recent char-
acterization of three integral membrane 















addition, proteins that affect membrane 
curvature of the ER, the reticulons and 
Yop1/DP1, are important for early stages 
of nuclear pore assembly, perhaps by sta-
bilizing high curvature at the site of pore 
insertion and fusion of the inner and 
outer nuclear membranes.22
Several NPC components whose func-
tion in transport is documented have also 
been tied to cellular activities distinct 
from their roles at the NE. A wealth of 
recent data has documented the function 
of Nups in microtubule attachment to 
kinetochores.23,24 In addition, NPCs are 
involved in chromatin organization and 
gene expression.25 And a recent screen for 
essential genes that are required for main-
taining proper localization of NPCs also 
uncovered components of the RSC chro-
matin-remodeling complex, suggesting 
that NE structure is functionally linked 
to proper chromatin architecture.26
Apq12, an Integral Membrane  
Protein Links NPC Assembly  
to Membrane Fluidity
APQ12 encodes an integral membrane 
protein of the nuclear envelope and ER 
and is required for efﬁcient NPC biogen-
esis.27 Screens to identify non-essential 
yeast genes possibly involved in mRNA 
export or mRNA processing demon-
strated that cells lacking APQ12 showed 
defects in these processes.28,29 Apq12-
GFP localizes to the nuclear periphery 
and the ER, but it is not a Nup because its 
distribution is unaffected by mutations 
that cause NPCs to cluster.28 A role for 
Apq12 in cell division has been suggested 
because loss of APQ12 leads to synthetic 
growth defects with mutations affecting 
genes coding for spindle pole body (SPB) 
proteins and other proteins involved in 
cell division. In the absence of APQ12, 
anaphase is delayed, and re-replication of 
DNA before completion of cytokinesis is 
also observed.30
Cells lacking APQ12 are cold sensitive 
for growth and display a temperature-
dependent defect in NPC assembly. At 
the restrictive temperature of 16°C, sev-
eral Nups, including all Nups that are 
components of the cytoplasmic ﬁlaments 
(CF) of the NPC, mislocalize to cyto-
plasmic foci. Components of the nuclear 
late in mitosis (reviewed in refs. 9 and 
10). S. cerevisiae has a closed mitosis 
in which the nuclear envelope remains 
intact, and the majority of Nups appear 
to remain associated with the NPC dur-
ing mitosis.11 Eukaryotes with closed 
mitosis also lack lamins, nuclear inter-
mediate ﬁlament proteins that provide a 
structure to the nucleus and play roles in 
chromosome organization, DNA replica-
tion, maintenance of nuclear shape and 
distribution of the NPCs.12 In S. cerevi-
siae, segregation of NPCs into the daugh-
ter cell at anaphase is restricted at the 
bud neck by a septin-dependent lateral 
diffusion barrier.13 NPCs in the daughter 
cell are thus formed primarily through 
de novo insertion. Nups that are integral 
membrane proteins are thought to initi-
ate NPC construction within the NE and 
coordinate the early steps of NPC bio-
genesis. Relatively little is known about 
how these Nups ﬁnd one another or 
the extent to which Nups associate into 
subcomplexes before their assembly into 
NPCs,14 and nothing is known about the 
mechanism by which the inner and outer 
nuclear membranes become fused. In 
the ﬁlamentous fungus Aspergillus nidu-
lans, which undergoes a closed mitosis, 
a subset of Nups, however are dispersed 
and this is coincident with an altered 
NPC permeability.15 This indicates that 
at least some fungal species have ways 
to alter the nuclear permeability barrier 
without going through an open mitosis 
and the associated NPC disassembly. 
Partial disassembly of NPCs via release 
of peripheral Nups has also been noted in 
starﬁsh oocytes prior to nuclear envelope 
breakdown.16
Several factors in addition to Nups 
have been implicated in NPC biogenesis. 
These include components of the Ran 
GTPase system that also controls the 
directionality of karyopherin-mediated 
transport and regulates key events dur-
ing cell division (reviewed in refs. 17 
and 18). Cells carrying speciﬁc mutant 
alleles affecting these proteins showed 
mislocalization of nucleoporins as well as 
accumulation of nucleoporin-containing 
cytoplasmic vesicles.19-21 Proteins involved 
in ER to Golgi trafﬁcking, including 
components of the COPII coat, have also 
been implicated in NPC assembly.20 In 
cerevisiae may provide clues to begin to 
understand how NPC assembly is coor-
dinated with membrane expansion and 
lipid synthesis.
Nuclear pore complexes (NPCs) are 
large macromolecular assemblies through 
which all transport between the nucleus 
and the cytosol occurs (reviewed in refs. 
4 and 5). NPCs show eightfold rotational 
symmetry perpendicular to the NE and 
two-fold symmetry in the plane of the 
NE. They are constructed using multiple 
copies of ∼30 proteins, termed nucleo-
porins (Nups), most of which are highly 
conserved in eukaryotes. The NPC 
itself can be divided roughly into three 
domains: the nuclear basket, the central 
core, and the cytoplasmic ﬁlaments. The 
basket and cytoplasmic ﬁlaments are 
composed of Nups that are found solely 
in those structures, whereas Nups of the 
central core are localized symmetrically 
on both the nuclear and cytoplasmic 
sides of the NE. Multiple integral mem-
brane proteins are components of NPCs 
and these have been implicated in both 
the organization and proper assembly of 
NPCs. Although genetic and biochemi-
cal analyses have advanced the identiﬁca-
tion of Nups as well as their localizations 
and interactions within the NPC, the 
mechanism of NPC biogenesis is less well 
understood.
Most nucleocytoplasmic transport is 
mediated by members of the karyopherin 
family of receptors that include multiple 
importins, exportins and transportins, 
most of which are specialized for either 
import or export. These receptors recog-
nize localization signals in their cargoes 
and are transported with their cargoes 
through the central channel of the NPC. 
mRNAs are exported in a complex 
with proteins, forming messenger RNP 
 complexes, which are exported by bind-
ing to the mRNA export factor, Mex67.6 
The NPC plays a mechanistic role in 
transport by providing docking sites for 
these transport complexes, thereby facili-
tating their translocation through the 
pore.7,8
In metazoan cells NPC assembly takes 
place by de novo assembly during inter-
phase, when the number of NPCs dou-
bles, and by re-assembly of NPCs when 











sterols in the ER of animal cells result in 
depletion of ER calcium stores, induction 
of the unfolded protein response (UPR) 
and ultimately apoptosis.37 These obser-
vations indicate that Brr6 has an essential 
function in regulating lipid homeosta-
sis in the NE-ER, thereby impacting 
NPC formation and nucleocytoplasmic 
transport.
Brl1, a Third Nuclear Envelope 
Protein is Functionally  
and Structurally Related to Brr6
Mutations in a third gene, BRL1 (BRR6-
like 1) also result in mislocalization of 
Nups and mRNA-export defects similar 
to those observed in BRR6 and APQ12 
mutants.38 BRL1 was identiﬁed as a sup-
pressor of a temperature sensitive expor-
tin 1 (Xpo1) mutant, a major karyopherin 
required for nuclear export of most pro-
teins and ribosomal subunits.38,39 Brl1 
appears to be functionally related to 
Brr6, because overexpression of BRR6 
suppresses the growth defect of BRL1 
mutants, and conditional mutations in 
BRL1 are synthetically lethal with brr6-1. 
However, neither can restore viability to 
strains lacking the other gene entirely.38 
Moreover, unlike BRR6, overexpression 
of BRL1 cannot suppress defects result-
ing from the absence of APQ12.34
Like BRR6, BRL1 is essential, and 
encodes an integral membrane protein 
of the NE. The C-terminal half of Brl1 
shows substantial homology to Brr6 and 
deletion analysis of Brl1 indicates that 
this conserved domain is functionally 
important. The domain contains four 
conserved cysteines and mutations at one 
of these cysteines renders Brl1 tempera-
ture sensitive, suggesting that disulﬁde 
bridges could play a role in forming a 
putative Brr6/Brl1 complex.38 Whether 
mutations to replace the other cysteines 
would show a similar phenotype is not 
known.
Interestingly, Schizosaccharomyces 
pombe has only a single Brr6/Brl1 fam-
ily protein. SpBrl1 fulﬁlls the functions 
of both Brl1 and Brr6 when expressed 
in S. cerevisiae suggesting that (i) Brr6 
and Brl1 arose from an ancestral gene or 
genome duplication event and (ii) evolved 
to perform distinct essential functions, 
in APQ12 mutants could result from 
improper regulation of the lipid composi-
tion of the nuclear membrane in response 
to changes in temperature.
Brr6, an Essential Integral  
Membrane Protein Genetically  
Interacts with Apq12 and Links 
NPC Assembly to Lipid  
Homeostasis of the ER Mem-
brane
BRR6 was identiﬁed as a dosage suppres-
sor of the cold-sensitive growth defect of 
APQ12 mutant cells and overexpression 
of APQ12 partially suppresses the growth 
defect of cells bearing a conditional allele 
of BRR6, brr6-1, indicating that Apq12 
and Brr6 share some common function.34 
Unlike APQ12, however, BRR6 is essen-
tial for viability. The gene was originally 
identiﬁed in a screen for cold-sensitive 
mutants defective in mRNA export 
and, like Apq12, encodes an integral 
membrane protein of the NE and ER.35 
Like Apq12, Brr6 is not found in NPC-
containing subcellular fractions and does 
not cluster in yeast mutant strains where 
NPCs cluster.35,36 Cells carrying the con-
ditional brr6-1 allele show mislocaliza-
tion of CF Nups but not nuclear basket 
Nups, similar to what is observed in 
cells lacking APQ12. In addition, brr6-1 
mutants are hypersensitive to drugs that 
inhibit sterol or fatty acid synthesis, 
whereas the APQ12 mutant is sensitive 
only against the fatty acid synthesis inhib-
itor. Consistent with this broader drug 
sensitivity, brr6-1 displays strong genetic 
interactions with mutants that affect ste-
rol biosynthesis or fatty acid elongation. 
Biochemical analyses revealed that brr6-
1, but not APQ12 mutant cells contain 
dramatically elevated levels of two classes 
of neutral lipids, steryl esters and triac-
ylglycerols. Because brr6-1 cells, but not 
wild-type cells, are non-viable if neutral 
lipid synthesis is blocked, overproduc-
tion of these storage lipids is function-
ally essential in these mutant cells. This 
observation is particularly intriguing and 
suggests that these cells accumulate ele-
vated levels of free sterols in the ER that 
need to be “neutralized” by esteriﬁcation 
so that they do not adversely affect ER 
and NE function. Elevated levels of free 
basket and most components of the cen-
tral structural framework of the NPC, 
including the integral membrane Nups, 
however, are not mislocalized. Because 
relocalization of Nups in APQ12 mutant 
cells depends on ongoing protein synthe-
sis, Apq12 affects NPC biogenesis rather 
than the stability of pre-existing NPCs. 
These observations suggest that the cyto-
plasmic foci observed in APQ12 mutant 
cells contain Nup subcomplexes that are 
unable to be assembled into functional 
NPCs.27
Remarkably, proper localization of CF 
Nups in APQ12 mutant cells is restored 
upon addition of low levels of benzyl 
alcohol to the medium. Benzyl alcohol 
is thought to increase the ﬂuidity and 
ﬂexibility of membranes.31 Addition of 
benzyl alcohol not only prevents Nup 
mislocalization but also restores proper 
localization of Nups that had accumu-
lated in cytoplasmic foci. Since normal 
Nup localization is restored even when 
protein synthesis is blocked by cyclo-
heximide, restoration of the normal NPC 
distribution reﬂects assembly of pre-
existing and mislocalized Nups or Nup 
complexes into functional NPCs. The 
restored NPCs in APQ12 mutant cells 
treated with benzyl alcohol are func-
tional because the mRNA export pheno-
type is also rescued. Thus it is likely that 
the defects in mRNA export, pre-mRNA 
processing, and cell division of APQ12 
mutant cells are indirect consequences 
of altered membrane ﬂuidity. On the 
other hand, defects in nuclear transport 
can affect phospholipid biosynthesis and 
thus membrane properties. One of the 
enzymes involved in phosphatidylcho-
line biosynthesis, for example, requires 
importin β/Kap95 mediated nuclear 
import for its full in vivo activity.32 Since 
mutants that affect nuclear import do not 
generally display NPC assembly defects, 
the function of Apq12 in the dynamics of 
the NE appears to be independent of its 
defect in mRNA export.27
Interestingly, increasing the amount 
of benzyl alcohol beyond the level used 
to suppress apq12 phenotypes causes 
Nup mislocalization in wild-type cells.33 
This suggests that NPC assembly is sen-
sitive to the ﬂuidity of the NE and that 











In S. cerevisiae where lamins are absent, 
it may be that nuclear envelope proteins 
such as the Brr6/Brl1 family contribute 
to gene expression through interactions 
with the nuclear pores and the transport 
machinery.38 In support of this hypoth-
esis, increased membrane ﬂuidity with 
benzyl alcohol treatment prevents struc-
tural defects and NPC mislocalization in 
a conditional mutant of the RSC chro-
matin-remodeling complex.26
Lipid Composition and Synthesis 
in the ER Affect Nuclear Structure 
and NPC Distribution/Assembly
A number of earlier studies indicate that 
the shape of the nucleus and the function 
more closely related to Brl1 than to Brr6. 
No homologues have been so far found in 
metazoans or plants, in which the nuclear 
lamina formed from lamins is disassem-
bled early during mitosis. During the 
evolution of metazoans, lamins evolved 
around the same time that the transition 
from closed to open mitosis occurred. It 
has been suggested that open mitosis may 
have co-evolved with lamins to circum-
vent a possible interference of lamins in 
chromosome segregation under condi-
tions where the nuclear envelope would 
not dissasemble.40 The presence of lamins 
may confer a selective advantage on meta-
zoan cells, allowing for greater complex-
ity in nuclear organization or efﬁciency 
in gene expression or nuclear signaling. 
which may be in addition to their roles 
in maintenance of nuclear envelope func-
tionality. Although Brl1 and Brr6 may 
function independently in membrane 
homeostasis, the observation that they 
interact with each other in a two-hybrid 
analysis suggests that they assemble into 
a single complex that functionally corre-
sponds to SpBrl1.38 Disruption of either 
Brr6 or Brl1 may abolish or reduce the 
functionality of this putative complex in 
S. cerevisiae.
Intriguingly, Brr6/Brl1 homologues 
are found throughout the fungi and 
lower eukaryotes that carry out a closed 
mitosis, including Candida glabarata and 
Cryptococcus neoformans. Most of these 
organisms encode a single protein that is 
Figure 1. Possible function of Apq12, Brr6 and Brl1 in temperature adaptation. Under constant temperature conditions, the membrane-sensing 
complex composed of Apq12, Brr6 and Brl1 (colored in green, red and blue) would sequester a putative regulatory factor and thus turn off adap-
tive changes (e.g., altered expression of lipid modifying enzymes). Upon a temperature shift to 15°C, the membrane-sensing complex releases this 
regulatory factor to initiate the adaptive response. Upon successful temperature adaptation, the functionally restored membrane-sensing complex 
sequesters the regulatory factor again and thus turns off the adaptive change. Defects in Apq12, Brr6 or Brl1 would result in unproductive initiation 











with the hypersensitivity of brr6-1 cells 
to benzyl alcohol. If this were the case, 
then the primary defect might be the 
inability of cells to sense when proper 
membrane composition and dynamics 
had been restored following a tempera-
ture shift (Fig.1). Further studies are now 
required to understand the mechanisms 
by which APQ12, BRR6 and BRL1 affect 
lipid metabolism and nuclear membrane 
homeostasis, and how this impacts NPC 
biogenesis.
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homeostasis (reviewed in refs. 52–54). 
How ﬂuidity and other biophysical prop-
erties of membranes are sensed and how 
this information is transduced to adjust 
lipid synthesis and membrane composi-
tion is not well understood. Fluidity sen-
sors are thought to respond to decreased 
temperature in part through activating 
fatty acids desaturases, which introduce 
double-bonds into acyl chains of fatty 
acids and phospholipids.55 The double 
bond introduces a kink that disrupts 
acyl chain packing in the lipid bilayer, 
thereby helping to maintain normal ﬂu-
idity. Increased incorporation of oleate 
into phospholipids therefore would be 
expected to increase membrane ﬂuidity.56
Yeast has a single essential fatty acid 
desaturase, Ole1, whose transcription 
is tightly regulated.57 Mga2 and Spt23, 
two homologous membrane-associated 
transcription factors related to mamma-
lian NFκB, are proteolytically released 
from their membrane association when 
cells sense the need to activate OLE1.58 
Neither Mga2 nor Spt23 is essential, 
but cells lacking both are not viable.59 
Consistent with a role in regulating 
membrane ﬂuidity, brr6-1 is synthetic 
lethal with mutants lacking either MGA2 
or SPT23.34 Morphological defects in the 
NE observed following a shift of an mga2 
spt23-ts mutant to non-permissive tem-
perature indicate that membrane ﬂuid-
ity impacts NE structure.59 Cells lacking 
Ole1 are able to grow when supplemented 
with unsaturated fatty acids (UFA) but 
the membrane abnormalities seen follow-
ing depletion of UFA are substantially 
more severe than those seen in mga2 
spt23-ts cells.59
If APQ12 or BRR6 mutant cells were 
defective in their ability to induce modi-
ﬁcations in membrane composition in 
response to a shift to lower temperature, 
it might be expected that supplement-
ing the medium with oleic acid would 
partially suppress the defects. Oleic acid 
supplementation, however, does not sup-
press the growth phenotype of BRR6 and 
APQ12 mutants.34 Rather, both mutants 
are hyper-sensitive to oleic acid. This 
suggests that the observed effects of 
these mutations in NE function might 
reﬂect an excess of membrane ﬂuidity at 
lower temperatures, which is consistent 
of NPCs are related to lipid composi-
tion of the ER membrane. A conditional 
mutation in ACC1/MTR7, which encodes 
acetyl-CoA carboxylase, was isolated in 
a screen for mRNA-export mutants.41,42 
Acc1 is essential and catalyzes the syn-
thesis of malonyl-CoA, the key building 
block for synthesis and elongation of fatty 
acids. mtr7-1/acc1-7-1 mutant cells have 
abnormal NPCs and mislocalized Nups, 
and are defective in the synthesis of very-
long-chain fatty acids. These observa-
tions suggested that very-long chain fatty 
acids might have a role in NPC assembly, 
perhaps by helping to bring together the 
INM and ONM at points where fusion 
is to occur when NPC are assembled.42-44
Cells lacking an ER-NE associated 
protein phosphatase implicated in regu-
lation of lipid biosynthetic genes have 
abnormal nuclear morphology including 
extensions of the NE that contain NPCs 
similar to what is observed in brr6-1 
cells.45 This heterodimeric phosphatase 
is composed of the catalytic subunit 
Nem1 and the regulatory subunit Spo7. 
One identiﬁed target of this phosphatase 
is Pah1/Smp2, which is a homologue of 
mammalian lipin, a gene that is expressed 
at high levels in adipose tissue.46,47 Pah1 
has phosphatidic acid phosphatase activ-
ity and thereby controls conversion of 
phospholipids into triacylglycerols.48 
Overproduction of Pah1 restores normal 
nuclear membrane structure to NEM1 
and SPO7 mutant cells, indicating that 
lipid homeostasis is crucial for main-
taining a proper structure of the NE. 
The role of NEM1, SPO7 and PAH1 in 
regulating nuclear membrane structure 
and expansion is conserved from yeast to 
humans.49-51
Do Apq12, Brr6 and Brl1 Affect  
the Functioning  
of a Membrane-Fluidity Sensor?
An interesting possibility to account 
for defects in NPC assembly, NE struc-
ture and lipid synthesis in cells lack-
ing APQ12, or carrying mutant alleles 
of BRR6, or BRL1 is that these muta-
tions impact the ability of cells to sense 
environmental changes that normally 
trigger modiﬁcations in membrane com-
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